Spherical detector is a novel and promising approach for pipeline inspections with high signal-to-noise ratio and low risk of blockage. As the magnetic signals are recorded in a rotating frame by the rolling spherical detector, it is difficult to directly deploy the raw periodic signals for magnetic inspections, such as pipeline orientation calculations and the identifications of girth welds, turning points, and other pipe features. Against this backdrop, a magnetic inversion approach for transforming the measured magnetic signals from the rotating sensor frame into the stationary pipe frame is developed and demonstrated both analytically and experimentally. By comparing the transformed values with that measured by a sensor moving on a straight route, the inversion approach is proven to hold for an arbitrary fixed rotation axis, with the average and maximum errors mostly less than 1 and 2 mT, respectively. Field experiments demonstrate that the magnetic inversion can expose and enhance hidden or imperceptible magnetic anomalies and pipeline turning points and improve pipeline route calculation accuracy via secondary alignments. The results will promote the spherical detector to play a greater role in pipeline inspections.
Introduction
Pipelines are an efficient method for transporting oil and gas over a long distance with less impediments. The use of pipelines has increased rapidly over the past few decades, many of which are aging, hence increasing the risks of leakage. Frequent pipeline inspections can help detect potential defects, facilitating the prevention of severe environmental pollutions and huge economic losses.
Popularly, inner detectors are employed for internal inspection methods, seeing as they can reach and inspect every point of the pipeline, thus obtaining multiple parameters with different sensors. Pipeline inspection gauges (PIGs) are widely used for internal inspection.
1,2 However, they are bulky and tightly contact the pipe wall like pistons, thus susceptible to pipeline deformation and easy to cause blockages. Spherical detector (SD) is a new promising method for pipeline inspections recently proposed and developed independently by R Fletcher and M Chandrasekaran 3 and S Guo et al. 4, 5 Unlike the PIG, which has to run in tight contact with the pipe wall like a piston and can cause enormous acoustical friction noises, the SD can roll forward freely inside the pipelines with very little acoustical noises, as its diameter is smaller than the pipeline's diameter. It therefore has advantages of high signal-tonoise ratio and low risk of blockage. Compared to traditional PIGs, the SD can be used for quasi-real-time monitoring. It reduces the time required for launching and retrieving, moves faster than the PIG, and brings less risks of blockage. 5 It is precautionary for the pipeline company to weekly employ the SD for quasi-real-time pipeline scans and multiple acquisitions.
However, the SD has one setback being that any signal is measured in a rotating frame while the SD is rolling and it is periodic and messy. This will hinder people from directly identifying some important information about the pipelines from the raw rotating magnetic signals inside pipelines, such as the orientations, girth welds, turning points, oil steeling standpipe, and magnetic markers, and improving the pipeline route calculation accuracy. These pipe features and defects can make the magnetic fields inside pipelines uneven. After inversion of the rotating magnetic fields, the magnetic anomalies can be distinguished and the presence of the pipe features and defects can be ascertained. The SD is expected to be able to measure or recover the magnitudes and directions of the magnetic fields at every point along and inside the pipelines. It is necessary for post-processing data to transform the measured magnetic fields from the rotating sensor frame into the stationary pipe frame via finite-step calculations.
Many efforts have been made on characteristic analysis, signal processing, and applications of the (rotating) magnetic fields inside pipelines. The magnetic field distributions inside seamless and spiral pipelines were calculated in Xinjing et al. 6, 7 and Yu et al., 8 and an auxiliary positioning method was proposed that deploys the rotating magnetic fields to identify and locate the girth welds. Wavelet methods are utilized in the identification algorithms. 7 In order to achieve high recognition accuracy, different wavelet bases and decomposition levels need to be tested individually one by one, since there is no magnetic inversion in algorithms. A pipeline orientation method based on an SD was proposed by W Zhao et al. 9 Simple magnetic inversion was used in this method, requiring the pipeline to be in the horizontal plane, and the SD to keep rotating around one sensitive axis of the triaxial magnetometer. A threedimensional (3D) localization approach for subsea pipelines based on the SD was proposed under much milder restrictions. 10 When the frames of the accelerometer and magnetometer are identical, the measured periodic acceleration and magnetic flux density can be used to solve the pipeline orientation equations.
The objective of this study is to model and validate an inversion approach to transform the rotating magnetic signals measured by the SD into measurements in the frame taking the pipeline posture as a reference and demonstrate some field applications. First, the inversion is modeled by formulating the posture characteristics of the SD and the embedded sensor based on prior knowledge obtained from the past research. Second, the magnetic inversion model is validated by comparing the transformed values with those measured by a sensor moving on a straight route. Finally, several field applications are presented to demonstrate its significance and wide variety of uses, including the identification of magnetic anomalies and turning points, and the improvements made in calculating the pipeline routes more accurately.
Inversion modeling

Prior knowledge for modeling
Our previous field experiments 10 show that while pushed forward by the oil flow, the SD can maintain stable rotation around an axis which points at a fixed horizontal direction over a period of time. The triaxial anisotropic magnetoresistance (AMR) magnetometer and accelerometer attached to the detector are rotating around the same axis and moving on a cycloid-like curve, as shown in Figure 1 . The posture of the detector and the trajectory of its sensor are calculated using the cycloid equations. 11 The trajectory of point P fixed on the detector surface is a cycloid curve (red curve), while the trajectory of the sensor is a cycloid-like one (blue curve), as O 1 S ! = lO 1 P ! holds, in which l is the radius ratio. O and S are defined as the centers of the SD and the triaxial magnetometer and accelerometer, respectively. Three practical issues arise from the characteristics of the curves in Figure 1 . First, the measurement points are distributed on a cycloid-like curve, not on a straight line, which means the distance between the sensor and the pipe wall is not constant. Second, the sampling interval is not uniform in the space domain, but it is uniform in the time domain, as shown by the points on the blue curve. Third, the magnetic field is measured in the rotating sensor frame, which makes it rather difficult for the data to be interpreted to give useful and intuitive information about the pipeline orientations and anomalies.
Addressing the aforementioned issues, some a priori knowledge needs to be considered when developing the inversion approach of the measured rotating magnetic fields. First, the magnetic fields inside the pipelines are uniform for about 12-m-long pipe segments, [6] [7] [8] therefore not mattering whether the sampling points distribute on a straight line or not. Second, the spatial resolution is high enough to overcome the non-uniform spatial sampling. For example, for an angular speed v = 4p/s, a sampling rate f s = 50 Sps, and a detector with its radius r = 100 mm and l = 0.5, the lowest spatial resolution (LSR) and highest spatial resolution (HSR) occur at peak and valley points on the blue curve with the maximum and minimum linear velocities, respectively, and LSR = v(1 + l)r/f s = 38 mm and HSR = v(12l)r/f s = 13 mm. However, the magnetic anomalies near the girth welds usually distribute within the range of 500 mm along the pipeline. 7, 8 Therefore, the spatial sampling non-uniformity can be neglected in the inversion.
For the inversion modeling considering rotation without translation, the original of the rotating sensor frame O 2 -X 2 Y 2 Z 2 is moved to overlap that of the stationary pipe frame O 1 -X 1 Y 1 Z 1 , as shown in Figure 2 . The frame O 2 -X 2 Y 2 Z 2 takes the three sensitive axes of the magnetometer and accelerometer as its coordinate axes. The frame O 1 -X 1 Y 1 Z 1 , which is attached to and moves together with the detector as shown in Figure  1 , is defined by taking the gravity field as a reference, with its X 1 axis forward, Y 1 axis leftward, and Z 1 axis upward. The inversion is to transform the rotating magnetic fields from the frame O 2 -X 2 Y 2 Z 2 into the frame O 1 -X 1 Y 1 Z 1 using the raw measurements of the magnetometer and accelerometer via finite-step calculations.
Modeling formulations
As shown in Figure 2 , the three unit axial vectors X 2 , Y 2 , Z 2 of the sensor frame O 2 -X 2 Y 2 Z 2 rotate around the unit axial vector Y 1 of the stationary frame O 1 -X 1 Y 1 Z 1 with a certain angular velocity, and the included angles between Y 1 and X 2 , Y 2 , Z 2 are denoted
respectively. u X , u Y , and u Z are the rotation angles of the axes X 2 , Y 2 , and Z 2 , respectively, around Y 1 and relative to the unit axial vector X 1 . u X , u Y , and u Z have constant phase differences, which are determined by the detector's initial launch posture and the sensor's initial assembly posture relative to the detector.
The relationship between the magnetic flux density at every moment t, B 1 (t) = (B 1X (t), B 1Y (t), B 1Z (t)) in the frame O 1 -X 1 Y 1 Z 1 , and the rotating one, B 2 (t) = (B 2X (t), B 2Y (t), B 2Z (t)) measured in the sensor frame O 2 -X 2 Y 2 Z 2 can be written as equation (1) 
There are nine direction cosines that need determining in equation (1) . Considering X 1 = (1,0,0) and X 2 is described as equation (2) in the frame
The first direction cosine can be calculated as equation (3(a)), and t 0 is the time consumption for the detector to revolve for one circle. t 0 can be calculated via fundamental frequency identification from the accelerometer output 
Another five direction cosines can be similarly calculated as equation ((3c), (3d), (3f), (3g), and (3i)), and the remaining three can be calculated as equation ((3b), (3e), and (3h)). There are only three independent variables, namely, the output values of equation ((3c), (3f), and (3i)), in all these nine direction cosines. Equation ((3a), (3d), and (3g)) can be obtained via leftward shifting equation ((3c), (3f), and (3i)) by (3=4)t 0 . Equation (3b) can be determined by cos
, and sind X is the normalized amplitude of equation (3c) in the time domain. In the same way, equation ((3e) and (3h)) can be determined. The determination method of the signs of equation ((3b), (3e), and (3h)) will be provided below.
In the frame O 1 -X 1 Y 1 Z 1 , the gravity field g is (0,0,2g), and g is the gravity acceleration constant. The Alternating Current (AC) component of the accelerometer output in X 2 direction is
Then, equation (3c) is calculated as equation (5a). Similarly, equations (3f) and (3i) are can be calculated as equations (5b) and (5c)
Substituting equation (5) into equation (3) and then B 1 (t) in equation (1) can be rewritten as
where j cos 
Model validations
Validation method
Experimental apparatus in Figure 3 (a) was used to validate the magnetic inversion model, by comparing the transformed magnetic signals, indirectly obtained using equation (6) from the raw data collected by the rolling detector, with the ones directly measured by the magnetic sensor (Honeywell, HMR2300) moving on a 6-mlong straight guiding rail. The field range of each axis of HMR2300 is 6200 mT, and its resolution is 6.7 nT. The sensor used by the SD was JY-901, a 9-degree-offreedom sensing module, which has three magnetic channels and three acceleration channels, and their sensing frames are identical, which satisfies the inversion requirements. The effective data output rate for all channels was 50 Sps. The field range of each axis of JY-901 is 64800 mT. JY-901 has a 14-bit analog-to-digital converter (ADC) inside, so its resolution is 0.6 mT/LSB.
The SD was rigidly attached into an aluminum barrel, and they rolled together as a whole around the axis Y 1 . In that way, the rotation axis was completely constrained in a fixed direction, which was quite similar to the actual case where the detector rolls inside the oil pipeline if noise is not considered. Four scenarios were tested in an open area, corresponding to four different directions of movement: approximately northeastsouthwest (NE-SW), north-south (N-S), northwestsoutheast (NW-SE), and east-west (E-W).
In the NE-SW scenario, the detector was assembled in five different initial postures, as shown in Figure  3(b) . The angle between the rotation axis Y 1 and one sensitive axis Z 2 of the sensor, a, was configured to be approximately 0°, 15°, 45°, 60°, and 90°, respectively. In this way, it was expected to check whether the magnetic inversion model can work well or not when the rotation axis is an arbitrary line passing through the sphere center. In the E-W scenario, a 0.5-m-long steel pipe was placed in the vicinity of the measurement trajectory, which provided a local magnetic disturbance, as shown in Figure 3(c) , for testing the sensitivity improvement of magnetic abnormity detections obtained by the proposed inversion approach.
Signal pre-processing
The raw acceleration and magnetic signals, a 2 and B 2 , collected by the SD, are shown in Figure 4(a) . Periods of each signal gradually become longer over the process of rolling, as shown by T a 1 \ T a 2 and T B 1 \ T B 2 in Figure 4 (a), since the barrel decelerated while rolling due to the friction. Thus, both the acceleration and magnetic signals need to be stretched or compressed proportionally and simultaneously in the time scale.
Note that stretching operation in the time scale is only necessary for this verification experiment. As for the actual field experiments, the rolling velocity of the SD remains constant over a long period of time, 10 as the detector is stably and continuously pushed by the oil, whose flow rate seldom changes and the fluctuation magnitudes are very small.
The raw recorded acceleration signals contain some random noise, as the accelerometer is highly sensitive to both the random rotation axis vibrations and slight heaves of the detector. Median filter (MF) 13 and zerophase shift filter (ZPSF) 14 are sequentially deployed in series to remove the noise. Both ZPSF and MF can perfectly preserve the phases of each component of a 2 and B 2 that indicate the SD's initial posture, which is very significant for the inversion. Denoising is required both in the verification stage and during field experiments. After stretching in the time scale, removing the Direct Current (DC) component of a 2 , and denoising, the preprocessed signals with a constant period are shown in Figure 4 (b). The AC component of a 2 is denoted asã 2 .
After the signal is filtered by the ZPSF, the boundary effects can lead to severe distortions on both ends. Therefore, the pre-processed and transformed signals were trimmed by removing some points from both ends ofã 2 , B 2 , and B 1 (in section ''Validation results''). The middle parts of the signals from 2 to 4 m along the measuring route were preserved. Signal trim is required both by the data processing for this confirmative experiments and the segment and batch data processing for the field experiments.
Validation results B 1 measured via the SD with inversion and the HMR2300 in four different scenarios is presented in Figure 5 . The deviations between B 1 obtained via these two methods are defined as the errors of the proposed inversion approach. The maximum and average errors, jej and je max j, of all inversion measurements are calculated and listed in Table 1 .
The trends and values of B 1 calculated using equation (6) are mostly close to the reference values measured by the HMR2300, as shown in Figure 5 . Most of the average and maximum errors, jej and je max j, are less than 1 and 2 mT, respectively, as shown in Table 1 . The magnetic field in the experiment area may be not ideally uniform and has non-zero gradient, the output of the magnetometer inside the SD inherently contains a little fluctuations when it is moving on a cycloid trajectory. However, for the HMR2300 moving on a straight line, the fluctuations are too small to be detected.
In field applications for pipeline orientation measurements, these errors can be further reduced by averaging the signals in several adjacent segments.
However, for anomaly identification, further averaging is not necessary, as relative local variances, not the absolute values, need preserving to characterize the anomalies. These errors can finally account for a small percentage of the total. Noteworthy that both jej and je max j do not noticeably change as a increases, as shown in Figure 5 (a) and Table 1 . jej and je max j of B 1 are mostly less than 1 and 1.7 mT, respectively, except for B 1X when a = 90°. This demonstrates that the proposed inversion model can always hold for an arbitrary rotation axis the SD may rotate around, and the rotation axis does not need to align with one sensitive axis of the triaxial magnetometer, as long as it can remain fixed over a short period of time.
Inversions can make the SD capable of detecting inconspicuous magnetic anomalies. B 1 and B 2 containing a magnetic disturbance in E-W scenario arising from the steel pipe are presented in Figure 6 . Comparing Figure 6 
Applications
Field experiments
The spherical inner detector was employed to magnetically inspect a 62.5-km-long product oil pipeline in mountainous southwestern China in 2016. The pipeline's orientation frequently changes. Figure 7 shows launching and retrieving the SD at the beginning and the end of the field experiments. The pipeline material is X52 steel. The pipe thickness is 5.6 mm and the diameter is F273 mm. The detector's diameter is 205 mm. The sensor used by the SD was also JY-901, a-9-degree-of-freedom sensing module, which has three magnetic channels and three acceleration channels, and their sensing frames are identical, which satisfies the inversion requirements. The effective data output rate for all channels was 50 Sps.
As B 1 is measured in the pipe frame O 1 -X 1 Y 1 Z 1 with the gravity field as a reference, B 1 needs to be transformed into a measurement B P in another frame O P -X P Y P Z P with the pipeline axis as a reference, in order to readily use the magnetic signals to extract the pipeline characteristics, since the pipeline is not on the horizontal plane in the field experiments. The frames O 1 -X 1 Y 1 Z 1 and O P -X P Y P Z P have been illustrated in Figure 1 . The transformation method is
where u 2 ( À p=2, p=2) is the pitch angle of the pipeline, as illustrated in Figure 1 . u can be calculated using the height-mileage curve of the pipeline provided by the oil and gas pipeline company as below
where Dh is the altitude increment corresponding to the mileage increment DL at the current mileage.
Turning point identification
Turning points of the pipeline, whose mileages were recorded precisely when pipelines were laid, are very significant location references for internal inspections. Figure 8 (a) presents a segment of raw magnetic signals from the field experiments, containing periodically occurring strong impulse noises. These pulses arise from the electromagnetic transmitter installed inside the SD and are expected to be received by the aboveground marker (AGM) with its geographical coordinates known. Thus, AGM can detect the SD when it passes by the AGM underground. It can be seen in Figure 8 (a) that the amplitudes of B 2X , B 2Y and the norm of B 2 contain two approximate step changes marked by A1 and B1. The step changes imply the existence of possible turning points.
For the magnetic signals B P after inversions, as shown in Figure 8(b) , there are three clear steps in B PX including signs marked by A2, B2, and C2, and another three less clear steps in |B P | without signs marked by A3, B3, and C3. B PX changes in the following sequence: approximate 30 ! 0! 225 ! 20 mT. The magnetic shielding of the steel pipe can significantly attenuate the radial magnetic component but hardly change the axial component. 9 This indicates that the motion trajectory of the detector for this segment of data is along approximately northwest ! west ! southwest ! northwest. This criterion can help completely determine where the three turning points should be on the list of all the turning points.
The magnetic inversion can reveal imperceptible turning points and their more detailed characteristics from the rotating magnetic signals B 2 recorded by the SD. For example, it is difficult to judge whether there is a turning point at C1 in B X2 and B Y2 , though a little magnetic anomalies can be seen here. However, the step characteristic at C2 in B PX is pretty noticeable. B P can provide more details about the pipeline orientation changes. If the detector trajectory changes to west-east/ east-west direction from any other directions (or conversely), similar step changes can also be seen like A1 (or B1) without sign indications. Too many cases need to be excluded when determining the serial number of the turning point on the full list using B 2 . Therefore, it is easy, explicit, and accurate using B P with inversion transformations to detect the turning points. 
Magnetic abnormity identification
A segment of magnetic signals containing an abnormity before and after inversion transformations are presented in Figure 9 . Strong impulse noises appearing every 3 s in Figure 9 (a) arise from the electromagnetic transmitter installed inside the SD. These pulse noises in all components are suppressed to some great extent after inversions and their periodicity becomes less clear, as shown in Figure 9 (b).
Inversion can expose and enhance the magnetic anomalies and its characteristics. For B 2 before inversion in Figure 9 (a), the magnetic anomalies can only be clearly seen in B 2Z and is very weak in B 2X and |B 2 |. The ratios of the anomaly amplitude to that of the noises in B 2X , B 2Z , and |B 2 | are about 0.3, 3, and 0.4. Nevertheless, Figure 9 (b) clearly shows one sharp even symmetry valley, one odd symmetry peak, and one even symmetry peak emerging at the middles of the signals B PY , B PZ , and |B P |, respectively. The ratios of the anomaly amplitude to that of the noises in B PY , B PZ , and |B P | are about 8, 2.5, and 2. When the abnormity is not so significant or the noises are too strong, it is a more efficient choice using the magnetic signals with inversion than without inversion transformations to detect the abnormity, since the transformed magnetic signals are measured in the frame taking the pipeline posture as the reference.
Once a magnetic abnormity is detected, its accurate mileage needs to be calculated for rapid targeted field investigation. Initial mileage containing some errors can be calculated using the rotation frequency. 10 The detected turning points can be utilized to compensate the abnormity's mileage errors. First, calculate the initial mileage of the magnetic abnormity, L. Second, choose two detected turning points T1 and T2 that distribute on two sides of the abnormity and calculate their initial mileages, L T1 and L T2 . Third, obtain the two points' actual mileages L 0 T1 and L 0 T2 from the pipeline company. Finally, calculate the magnetic abnormity's compensated mileages L# using the equation
Pipeline route calculation All the measured B 2 are first transformed into B 1 via equation (6) using the introduced inversion approach. Then, using B 1 and the method proposed in Xinjing et al., 10 the pipeline route is calculated and partially shown in Figure 10 (green curve), together with the actual route provided by the pipeline company (blue curve). Even though the calculated end of the pipeline has been aligned with the actual one, there are still severe deviations between the calculated and actual routes. The deviations mainly result from the inaccuracy of the geomagnetic field and the magnetic shielding coefficients of the pipeline and the noises from the electromagnetic transmitter. Secondary alignments are therefore required and deployed. The route is divided into many segments at those detected turning points. Each of the segments is rotated around their start points to align their ends with the actual positions of the detected turning points. In this way, the errors of the calculated route with second alignments are reduced significantly, as shown in Figure 10 (red curve). Due to the confidentiality requirement, the pipeline company only allows this article to display the coordinates of partial pipelines.
Some approaches to reduce the route deviations are summarized as follows: first, increase the sampling rate of the magnetometer and accelerometer and filter the pulse noises arising from the electromagnetic transmitter. The current sampling rate is 50 Sps for the magnetometer, while the center frequency of the pulse noise is 23 Hz. It is difficult for the electromagnetic signals to be recovered and then filtered. Second, deploy B P and B 0 near some reachable detected turning points to improve the magnetic shielding model of the pipeline and obtain more accurate shielding coefficients. Third, utilize segment calibrations. Divide the collected data into several segments according to the reference points such as valve rooms and turning points, whose geographical positions (the longitudes and latitudes) are exactly known and never changed by external forces. Calculate and align each segment of the routes individually, and finally link them together.
However, as for subsea pipelines, there is no valve rooms that can be used as reference points. Turning points become the only reference point choices because they can be detected and positioned by both the underwater robots (such as autonomous underwater vehicles (AUVs) 15, 16 and remotely operated vehicles (ROVs) 17 ) and the internal SD. Note that the turning points for subsea pipeline route calibrations must be selected from the weak tide regions, where subsea pipelines seldom bend or drift due to the ocean currents.
Conclusion
This article proposes a magnetic inversion approach for rotating magnetic fields inside pipelines measured by a SD. The inversion is to transform the rotating magnetic signals measured by the SD into measurements in a frame taking the pipeline posture as a reference. The proposed inversion is analytically modeled, experimentally validated, and successfully applied on field pipelines. The inversion approach is demonstrated to hold for an arbitrary fixed rotation axis, with the average and maximum errors mostly less than 1 and 2 mT, respectively. The magnetic inversion can significantly expose and enhance hidden or imperceptible magnetic anomalies and turning points. The magnetic inversion can also remarkably improve the calculation accuracy of the pipeline route when a lot of noise and disturbances exist, via a secondary alignment calibration. The results will make the SD play a greater role in pipeline inspections.
In order to enhance the performance of the proposed inversion model, magnetometer array should be deployed by the SD to scan a larger area inside the pipeline. In this way, the measurement points can be very close to the pipe wall, and small anomalies or defects can be detected.
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